Abstract. Alpha particle induced reactions for generation of 211 At used in therapeutic nuclear medicine and possible contaminants were investigated with the stacked foil activation technique on natural bismuth targets up to E α =39 MeV. Excitation functions for the reactions 209
INTRODUCTION
The possible therapeutic use of the α-emitting nuclide 211 At has been investigated for decades, and production routes were studied earlier. Among them is the 209 Bi(α,2n) 211 At reaction for which cross section measurements exist [1] [2] [3] [4] . In recent years attention was regained for control of metastatic cancers through α-labeled radio-immunotherapy [5] . As the preferred radioisotope is still 211 At [6] [7] , the IAEA included these production processes in the ongoing CRP on evaluation of data for therapeutic radionuclides [8] . To determine cross sections and optimised production yields of the 209 Bi(α,2n) 211 At reaction and data for the contaminants 210 At and 210 Po, we performed target preparation, α-irradiations and coupled alpha-gamma analysis allowing improvement of the data file status and cross check of the available literature values. The  cross  sections  for  the  reactions   209 Bi(α,2n) 211 At, 209 Bi(α,3n) 210 At and information on the production of 211 Po and 210 Po were measured at the VUB CGR-560 cyclotron by irradiating two stacks with α-particle beams of incident energy 37.4 and 39.1 MeV. The experimental set-up and data evaluation was similar to those described by us earlier [9] [10] . The target foils consisted of rather thick (1 to 4 mg/cm 2 ) metallic Bi evaporated onto Cu (10.8 µm) or Al (23.9 µm) backings. The backings served as recoil catchers and as monitor foils for exact determination of beam parameters (current and energy). The stacks were irradiated in a Faraday-cup like target holder (200nA, 0.5h), equipped with a long collimator for precise definition of beam diameter and with an electrode to suppress secondary electrons. Production of 211 At, 211 Po and 210 Po was assessed at different times after EOB through α-spectrometry (see Table 1 ) using a Si-surface barrier detector mounted in a vacuum chamber. The activity of 210 At was measured by γ-spectrometry (Table 1) shortly after EOB by a HPGe detector. The count rate was in all cases low so that corrections for pile up effects and dead time could be implemented through the analyzing software.
EXPERIMENTAL TECHNIQUES

DATA EVALUATION
The charge on target was first derived from the Faraday-cup measurement. Adaptations in beam current and energy were made, based on remeasuring of the monitor reactions nat Cu(α,pxn) 65 Zn and 65 Cu(α,2n) 67 Zn over the whole energy region Recommended cross sections were taken from the CRP database on monitoring [11] . Downshift of 0.9 MeV of the nominal incident energy is applied in accordance with our earlier study [12] . This monitoring methodology allows accurate and internally checked determination of the energy in each foil and we estimate the uncertainty of the primary beam energy at ± 0.3 MeV. For estimation of standard uncertainty on the cross section values the individual uncertainties included in the propagated error are: number of target nuclei including non-uniformity (8%), incident particle intensity (5%), detection efficiency (5% for gamma analysis, 10% for alpha), peak areas including statistical errors (1-5%), used gamma and alpha decay data (1-5%). The total uncertainty of 10-15% is obtained as positive square root of a sum of the contributing sources in quadrature.
The non-linear effects of the possible uncertainty of the half-lives was not taken into account. The uncertainty on the average energy of the last foil of a stack, due to the uncertainty on the foil thickness and to energy degradation is estimated at 2.1 MeV. No correction was required for the recoil effects as the Al or Cu backings served as catcher foils.
Production of 211 At
This radioisotope is identified through its strong α-line at 5.88 MeV (41.8% decay to 207 Bi) and was measured twice in the first 24h after EOB. The important energy degradation of the emitted α-rays in the targets results in broadened, rather flat peaks with the upper edge corresponding to the real α-energy of the peak. At is very limited thanks to the low α-branching in its decay and to the favorable cross sections ratio. Fig. 1 it can be seen that cross sections determined from direct α-measurement for the 2 stacks are in agreement within the experimental uncertainties. Data derived from the independent 211 Po measurement and from the 3 207 Bi points a are nearly identical and confirm the position and value of the excitation curves. The excitation curve is characterized by a maximum of 950 mbarn at 31 MeV. Four earlier published experimental data sets were found in this energy region (1) (2) (3) (4) . The data of Stickler [4] are a factor 8 to 15 lower then all others (Lambrecht [3] , probably due to the use of erroneous decay data). Our data are in good agreement with Ramler et al. 
Production of 210 At
The cross section of the 209 Bi(α,3n) 210 At reaction was determined from the activity of 210 At measured through its well-separated 3 gamma lines (Table 1) . Measurements took place in the first 24h after EOB. The data are presented in Fig. 2 
Production of 210 Po
This long-lived strong α-emitter is the main contaminant in possible radiotherapeutic use of 211 At. It is formed through total decay of 210 At and measurement of the α-signal of 210 Po has been considered by different authors as an easy way to access the cross section of the 209 Bi(α,3n) 210 At reaction. Ramler et al. [2] mentioned that the 5.3 MeV α-line of 210 Po is present below the threshold of the (α,3n). reaction (Q=28.6 MeV) and that direct formation of 210 Po by a (α,t) process on 209 Bi is possible. They proposed cross sections in the region 20.6-28.6 MeV. Our independent measurements of 210 At (γ-measurements shortly after EOB) and 210 Po (α-line at 20-30 days after EOB) give us the opportunity to propose an excitation curve for direct 210 Po production. 
Thick Target Yields
From SPLINE fits to the experimental points of the excitation curves (indicated on Figures 1 to 3 ) thick target yields (physical yield) were calculated for different incident energies ( Figure 4) . As for clinical applications the contamination with 210 At -210 Po has to be < 0.1% EOB [6] [7] , in production runs the energy is limited to 28-29MeV. At Duke University, using a dedicated slanted internal target [6] yields of up to 11 GBq/C with E α = 28MeV are reported. This is 2.5 times the yield calculated by Lambrecht and Mirzadeh [3] from cross section measurements (4.2 GBq/C in the "optimal" region 27.7 to 22 MeV). Our values of 6.8 GBq/C at 28MeV correspond well with the experimental thick target yields of Henriksen et al. [7] .
SUMMARY AND CONCLUSIONS
We present values for cross sections for alpha induced reactions on If no limits on the incident α-particle energy is imposed the thick target yield for the production of 211 At is estimated at 29. Po can not be avoided and will amount to 10 kBq EOB for every MBq 211 At produced with α-energy of 31 MeV. It has to be stressed that a chemical separation/ purification process on the irradiated targets is necessary and that the extraction efficiency for Po nuclides will be low [7] . From the shape of α-spectra, the thermal diffusion behavior can be investigated that is used as a standard technique in the separation of 211 At from the target. 
